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Protein Synthesis During Fungal Spore Germination 
11. Aminoacyl-soluble Ribonucleic Acid Synthetase Activities During 
Germination of Botryodiplodia theobromae Spores1 
JAMES L. VAN ETTEN AND ROBERT M. BRAMBL 
Department of Plant Pathology, University of Nebraska, Lincoln, Nebraska 68503 
Received for publication 12 April 1968 
The specific activities of 13 aminoacyl-soluble ribonucleic acid (sRNA) synthe- 
tases were measured at various time intervals during the germination of Botryodi- 
plodia theobromae conidiospores. The enzyme activities were low or absent in un- 
germinated spores, and they increased rapidly as germination proceeded. When 
extracts of the ungerminated spores were prepared with mortar and pestle, very 
little or no enzyme activity was detected. When the extracts were prepared with a 
mechanical homogenizer, however, they exhibited some enzyme activity, although 
less than did the extracts from germinated spores. Enzyme activities from germi- 
nated spores were approximately the same, regardless of the method of preparation. 
The enzyme fraction from ungerminated spores prepared with a mechanical homog- 
enizer could also stimulate incorporation of phenylalanine into polyphenylalanine 
in the presence of ribosomes, polyuridylic acid, and sRNA, although the activity 
was approximately only 15 to 20% that of a similar enzyme fraction from germi- 
nated spores. It is concluded that ungerminated spores of B, theobromae contain 
active aminoacyl-sRNA synthetases and transfer enzymes, although the activities 
are low when compared to germinated spores. 
Among the most striking and significant fea- 
tures of spore germination of most fungi are the 
initiation of the synthesis of protein and its rapid 
increase (3, 14, 18, 20). Therefore, an investiga- 
tion that compares the protein-synthesizing com- 
ponents of germinated and ungerminated spores 
may provide some information about the cellular 
control mechanisms that are involved in spore 
germination. A previous paper in this series 
(19) described the characteristics of an in vitro 
polyuridylic acid (poly U)-directed phenylalanine- 
incorporating system prepared from germinated 
conidiospores of the mycelial fungus Botryodi- 
plodia theobromae Pat. The activities of the 
enzyme and ribosome fractions from germinated 
and ungerminated spores were compared, and it 
was concluded that the ribosomes from the un- 
germinated spores have about 25% the activity 
of those prepared from germinated spores. How- 
ever, the enzyme fraction from the ungerminated 
spores was essentially inactive. 
The inability of the enzyme fraction from the 
ungerminated spores of B. theobromae to stimu- 
late incorporation of phenylalanine into poly- 
1 Published as paper no. 2316, journal series, with 
the approval of the Director, University of Nebraska 
Agricultural Experiment Station. 
phenylalanine could be due to an enzyme defi- 
ciency or to low specific activity at one of several 
steps in the protein synthesis process. It is well 
established that the first step in the synthesis of 
protein involves an activation of an individual 
amino acid by its corresponding aminoacyl- 
soluble ribonucleic acid (sRNA) synthetase 
enzyme and the subsequent transfer of the acti- 
vated amino acid to its specific sRNA (10). 
This paper reports an investigation of the 
possibility that the phenylalanyl-sRNA synthetase 
reaction is limiting in the enzyme fraction from 
ungerminated spores. In addition, the effect of 
several reaction parameters on phenylalanyl- 
sRNA and leucyl-sRNA synthetases, and the 
activities of 11 additional aminoacyl-sRNA 
synthetase enzymes are reported for extracts 
that were prepared at several stages of spore 
germination. 
Materials. Yeast sRNA (stripped) was obtained 
from General Biochemicals Corp., Chagrin Falls, 
Ohio. Uniformly labeled 14C-L-phenylalanine (366 
/Ic/rrnole), "C-L-proline (204 pclprnole), 14C-L-iso- 
leucine (234 pclprnole), IT-L-lysine (237 pc/pmole), 
14C-L-leucine (251 ~c/pmole), IT-L-valine (190 
pc/pmole), 14C-L-arginine (234 rc/pmole), 14C-L- 
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methionine (1 87 cc/rmole), l4C-L-serine (122 pc/ 
pmole) , 14C-L-alanine (215 pc/pmole), l4C-L-glutamic 
acid (195 pc/pmole), IT-L-aspartic acid (167 pc/ 
pmole) , and IT-glycine (1 16 pc/pmole) were obtained 
from New England Nuclear Corp., Boston, Mass. 
Thesuppliers of other materials that were used in these 
studies, and the techniques for growth, harvest, and 
germination of the B. theobromae spores were identi- 
cal to  those described previously (19). 
Preparation of extracts. Cell-free extracts were ob- 
tained by grinding the spores with mortar and pestle, 
and the soluble enzyme fractions and ribosomes were 
separated from the extracts according to techniques 
already described (19). However, in some instances 
the enzyme fractions were prepared with a Braun 
model MSK mechanical homogenizer (Bronwill 
Scientific Co., Rochester, N.Y.). When this instru- 
ment was used, 3 to 10 g of spores (quantity depended 
upon germination stage) and 15 to 30 g of 1-mm glass 
beads were combined with 15 ml of extraction buffer, 
following the recommendations of Rick et al. (11). 
This mixture was shaken for 60 sec at 4,000 oscilla- 
tions per min while being cooled by carbon dioxide. 
The enzyme fractions were always treated with pro- 
tamine sulfate (0.17 mg/ml of enzyme solution) for 30 
min to precipitate endogenous sRNA. After this 
treatment, the enzyme solution was centrifuged and 
passed through a column of Sephadex G 25. The pro- 
tein fraction was either assayed immediately or 
stored in samples under liquid nitrogen. 
Assay for aminoacyl sRNA formation. The standard 
assay contained (in a final volume of 0.75 rnl) 100 
pmoles of tris(hydroxymethy1)aminomethane (Tris; 
pH 7.8, 10 pmoles of magnesium chloride, 2.5 
pmoles of potassium fluoride, 10 pmoles of adenosine 
triphosphate (ATP), 0.5 mg of yeast sRNA, 0.3 pc of 
lc-amino acid, and 30 to 200 pg of enzyme protein. 
The concentration of added enzyme was such that a 
doubling of the enzyme concentration produced a 
doubling of the aminoacylation reaction. The reaction 
mixtures were incubated in conical glass centrifuge 
tubes at 20 C for 10 min, and the reactions were ter- 
minated by the addition of trichloroacetic acid to a 
final concentration of 12%, 20 pmoles of the appro- 
priate unlabeled amino acid, and 0.5 mg of bovine 
albumin. The tubes were placed in ice for 60 min and 
then centrifuged; the precipitates were transferred onto 
cellulose nitrate filters (HA Millipore filter, 25 mm in 
diameter, 0.45 pm pore size), and washed three times 
with 10 ml of 7% trichloroacetic acid. The filters were 
dried and counted as previously described (19). The 
results are expressed as pmoles of aminoacyl sRNA 
formed per mg of protein per 10 min. The values 
given are corrected for zero-time reactions. All ex- 
periments were conducted at least twice, and usually 
three times. 
Other determinations. When phenylalanine in- 
corporation into polyphenylalanine was determined, a 
ribosomal assay system similar to that previously 
described was used (19). Protein was determined ac- 
cording to the method of Lowry et al. (9), with bo- 
vine albumin as a standard. 
Requirement for phenylalanyl-sRNA and leucyl- 
sRNA formation. The effects of several param- 
eters on  phenylalanyl-sRNA and leucyl-sRNA 
formation were determined initially by use of a n  
enzyme fraction that was prepared from spores 
germinated for 11 hr. The data in Table 1 indicate 
that a pH range of 7.8  t o  8.4 was optimal for the 
acylation of phenylalanyl-sRNA, and that a 
pH range of 7.2 to  7.8 was optimal for the acyla- 
tion of leucyl-sRNA. The data in Fig. 1 demon- 
strate the time course of the reactions for incuba- 
tion temperatures of 20 and 36 C. The acylation 
of phenylalanyl-sRNA was linear for a longer 
period of time at the lower incubation tempera- 
ture. Very little acylation of leucyl-sRNA took 
place at  a temperature of 36 C.  At a temperature 
of 20 C,  the acylation of leucyl-sRNA was linear 
for a t  least 10 min. Under the present assay condi- 
tions, 8 and 5 pmoles of magnesium chloride 
were optimal for the acylation of phenylalanyl- 
sRNA and leucyl-sRNA, respectively (Fig. 2). 
I n  data not shown, the optimal requirements for 
potassium fluoride or  potassium chloride were 
not as stringent for phenylalanyl-sRNA and 
leucyl-sRNA acylation, since good activity was 
obtained at  potassium concentrations between 0 
and 10 pmoles per assay, with a slight decrease in  
activity at  higher potassium concentrations. The 
system did contain approximately 3 pmoles of 
potassium even at  zero potassium concentration, 
because this ion was present in  the standard 
buffers that were used in the preparation of the 
enzyme. 
The effect of ATP concentration on  phenyl- 
alanyl-sRNA and leucyl-sRNA acylation is re- 
ported in Table 2. As expected, the reactions 
were completely dependent on  added ATP, with 
a maximum of 7 t o  10 pmoles of ATP per assay 
for both amino acids. The reactions were mark- 
TABLE 1. Effect of pH on the acylation of sRNA 
by 14C phenylalanine and 
14C leucine 
Phenylalanine 
153 
286 
437 
587 
627 
455 
$Ha 
Leucine 
18.4 
74.4 
249 
239 
70 
24 . 
Aminoacyl-sRNA (pmoles) formed per mg 
of protein per 10 min 
a Tris-maleate buffer used for pH 6.0, 6.6, and 
7.2. Tris-HC1 buffer used for pH 7.8, 8.4, and 9.0. 
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FIG. 1 .  Effect of time on the formation of phenylalanyl-sRNA and leucyl-sRNA at 20 and 36 C.  
edly inhibited at ATP concentrations greater 
than 10 pmoles per assay. The addition of several 
concentrations of mercaptoethanol to the assay 
mixture had essentially no effect on the acylation 
reactions; however, the enzyme extracts were 
prepared in buffers that contained mercapto- 
ethanol. Puromycin and cycloheximide, two anti- 
biotics reported to inhibit the polymerization of 
amino acids into protein (but not the initial 
acylation reaction), had no effect on this reaction. 
In addition, if the reaction mixtures were boiled 
after the addition of trichloroacetic acid, all of the 
precipitable radioactivity was eliminated. There- 
fore, the radioactivity recovered in the assays was 
not due to polypeptide synthesis. 
Enzyme activity during germination. The 
principal purpose of this investigation was to 
attempt to explain the previous inability to ob- 
tain an active enzyme fraction from ungermi- 
nated spores that could synthesize polyphenyl- 
alanine from phenylalanine in an in vitro ribo- 
somal system. Therefore, the activities of phenyl- 
alanyl-sRNA synthetase and of 10 other amino- 
acyl-sRNA synthetases were determined from 
extracts that were prepared at various stages of 
germination. Under the growth conditions that 
were used, the spores began to form germ tubes 
after 4 hr, and germination reached a maximum 
of about 90% after 11 hr. The dry weight of the 
spores remained constant for the first 6 to 8 hr of 
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FIG. 2. Effect of magnesium chloride on the forma- 
tion of phenylalanyl-sRNA and leucyl-sRNA. 
incubation, after which it began to increase until 
there was approximately a 1.4- to 2-fold increase 
in dry weight at 11 hr (19). 
The data reported in Table 3 are from assays 
of extracts, at various stages of germination, 
that were prepared by grinding the spores with 
mortar and pestle. It is evident that, except for 
arginyl-sRNA synthetase, the specific activities 
of all the enzymes were essentially undetectable 
in extracts from ungerminated spores. The 
specific activities of most of the aminoacyl-sRNA 
synthetases increased dramatically between 2 and 
8 hr after the spores were added to the germina- 
tion medium. Very poor or no aminoacyl-sRNA 
synthetase activity was obtained at any stage of 
germination for glycine, glutamic acid, and 
aspartic acid. 
Since it was possible that the enzyme fraction 
from the ungerminated spores contained an 
inhibitor of the acylation reaction, mixed enzyme 
studies were tried with the two amino acids, 
phenylalanine and leucine. However, concentra- 
tions of up to 500 pg of enzyme from the un- 
germinated spore had essentially no effect on the 
activity of 115 pg of the enzyme fraction from 
the germinated spores. Therefore, it was con- 
cluded that the lack of aminoacyl-sRNA activity 
in the enzyme fraction from the ungerminated 
spores was not due to a general inhibitor, such as 
ribonuclease. 
At that point of the study, we began using a 
Braun model MSK mechanical homogenizer to 
disrupt the spores for our cell-free extract prep- 
arations. The data reported in Table 4 result 
from assays of extracts at various stages of 
TABLE 2. Effect of ATP on the acylation of sRNA 
by 14C-phenylalanine and 
14C-leucine 
TABLF 3. Activities of aminoacyl-sRNA synthetases at various periods of spore germinationa 
ATP hmoles) 
per assay 
Aminoacyl-sRNA (pmoles) formed per mg 
of protein per 10 mln 
Phenylalanine 1 ~eucine  
Aminoacyl-sRNA (pmoles) formed per mg of  protein per 10 min 
Time of 
- 
Valine 
Per- 
centage 
Proline 
- 
0 
0 
0 
3.5 
4 .1  
harvest SpOdrej 
(hr) germi- 
Phenyl- Leucine Dated alanine 
- 
Is* 
leucine Serine 
0 
0 
2 . 7  
3 .6  
7 .9  
Glycine Alanine 
-- 
0 
2 .1  
19 
28 
27 
Gluta- 
mate 
-- 
0 
0 
0.8 
1 .1  
1 . 3  
l 
a Cell-free preparations were made by grinding with mortar and pestle. 
Aspar- 
tate 
0 
0 
0 
0 
0 
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TABLE 4. Activities of aminoacyl-sRNA synthetases at  various time periods of spore germinationa 
Time of 
harvest 
@r) 
Per- I 
centage Aminoacyl-SRNA (pmoles) formed per mg of protein per 10 min 
Proline Lysine ,k;gne Serine Alanine %$ I l l  
- 
Glycine 
a Cell-free preparations were made by homogenizi 
germination that were prepared by homogenizing 
the spores in a Braun homogenizer. It is obvious 
that higher activities were obtained for most of 
the amino acids from ungerminated spores when 
this instrument was used as a means of making 
extracts than when they were prepared with 
mortar and pestle. Again, however, the specific 
activities of all of the enzymes increased during 
spore germination. At present, there is no plausi- 
ble explanation for enzyme activity having been 
obtained from ungerminated spores when the 
extracts were prepared with a Braun homogenizer, 
while essentially no activity occurred when the 
extracts were prepared by grinding with mortar 
and pestle. It is all the more interesting because 
enzyme extracts prepared from spores germinated 
for 11 hr had roughly the same specific activity, 
regardless of how they were prepared. One 
possibility is that the aminoacyl-sRNA synthe- 
tases are more tightly bound to a particulate 
fraction in the ungerminated spores than they 
are in the germinated spores, and that the 
more vigorous breakage achieved by the mechani- 
cal homogenizer releases the enzymes. However, 
experiments to test this possibility were incon- 
clusive. 
Since activity for phenylalanyl-sRNA synthe- 
tase was obtained in extracts from the ungermi- 
nated spores when prepared with the Braun 
homogenizer, this enzyme fraction was tested 
for its ability to stimulate incorporation of 14C- 
phenylalanine into polyphenylalanine in vitro 
by use of a ribosomal system, as described 
previously for B. theobromae (19). The enzyme 
fraction from the ungerminated spores that was 
prepared by homogenization in the Braun MSK 
was much more active than the spore extracts 
that were prepared by grinding with mortar and 
pestle (Table 5). However, the ability of an en- 
zyme fraction from ungerminated spores to 
stimulate incorporation of phenylalanine into 
polyphenylalanine was still less than that of an 
ng in a Braun MSK mechanical homogenizer. 
TABLE 5. Ability of supernatantfluid (105,000 X g )  
from germinated and ungerminated spores 
t o  stimulate incorporation of 14C- 
phenylalanine 
I I 
Incorpor- 
ation of 
14C-phenyl. 
alanine 
I 1 per assay 
Germinated 
None 
Germinated 
None 
Germinated 
None 
Germinated 
None 
Germinated 
Germinated (MP)b 
Germinated (MP) 
Germinated (MSK)c 
Germinated (MSK) 
Ungerminated (MP) 
Ungerminated (MP) 
Ungerminated (MSK) 
Ungerminated (MSK) 
a When added, ribosomes were equivalent to 
0.33 mg of RNA per assay; the supernatant fluid 
enzymes from the germinated and ungerminated 
spores were equivalent to 0.150 mg of protein per 
assay. 
b Supernatant fluid (105,000 X g )  prepared by 
grinding with mortar and pestle. 
Supernatant fluid (105,000 X g) prepared by 
homogenizing in the Braun mechanical homoge- 
nizer. 
enzyme fraction from germinated spores (Table 
5). 
In this study, only one set of conditions was 
used for assaying all of the aminoacyl-sRNA 
synthetases, but from both our data and that 
reported by Rubin et al. (13), it is becoming clear 
that different synthetase enzymes have different 
requirements for optimal activity. The amount of 
aminoacyl-sRNA formed is dependent upon 
enzyme activity and the rate of hydrolysis of the 
end product, which varies with different amino- 
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acyl-sRNA preparations (21). The relatively 
short assay time of 10 min and the incubation 
temperature of 20 C that were used in these 
experiments were chosen to minimize the effect of 
this degradation. It is possible that a specific 
aminoacyl-sRNA synthetase has different re- 
quirements for activity when it is prepared at 
different stages of spore germination. However, 
experiments in our laboratory indicate that the 
optimal magnesium and ATP concentrations for 
phenylalanyl-sRNA formation with the extract 
from ungerminated spores were essentially 
identical to those with an enzyme fraction from 
germinated spores. Another possibility is that 
the enzyme fraction from the ungerminated 
spores is charging a different sRNA molecule(s) 
than the one being charged by the enzyme frac- 
tion from germinated spores, in a manner sim- 
ilar to that reported with Neurospora crassa en- 
zyme and Escherichia coli sRNA (2). An en- 
zyme preparation from N. crassa could charge 
at least three chromatographically distinct sRNA 
molecules from E. coli with phenylalanine, only 
one of which was identical to the phenylalanyl- 
sRNA recognized by the E. coli enzyme. With 
the assay procedure that was used in this investi- 
gation, we could not detect this possibility. 
Barnett and Brown (1) have demonstrated 
recently that mitochondria from N. crassa con- 
tain specific synthetases and sRNA molecules 
for various amino acids, and that these enzymes 
and sRNA molecules are different from the ones 
that are present in the cytoplasm. Although the 
differential centrifugation procedures used in the 
present experiments would remove all of the 
whole mitochondria, it is possible that some mito- 
chondrial breakage did occur. 
However, fairly good activity was obtained for 
the synthetases of all of the amino acids tested 
except for glutamic acid, aspartic acid, and gly- 
cine; the reason for this is not known. Several 
experiments, such as the use of unfrozen enzyme, 
unfrozen sRNA, endogenous sRNA, slightly 
altered assay conditions, etc., were performed 
specifically to obtain activity with these amino 
acids. It is most likely that these enzymes or 
specific sRNA molecules are extremely labile, or 
altered in some way. Since yeast sRNA was used 
in these experiments, another possibility is that 
these particular aminoacyl-sRNA synthetases 
from B. theobromae are unable to recognize the 
appropriate yeast sRNA molecules. 
One can conclude from the present study that 
the specific activities of the aminoacyl-sRNA 
free extracts were prepared. However, an active 
enzyme fraction from ungerminated spores was 
obtained only when the spores were homogenized 
in the Braun homogenizer. This enzyme fraction 
from ungerminated spores could also stimulate 
incorporation of phenylalanine into polyphenyl- 
alanine when used with poly U and an active 
ribosomal system, although the activity was less 
than that obtained with a similar enzyme frac- 
tion from germinated spores (Table 5). 
With the demonstration in ungerminated 
spores of both soluble enzymes and ribosomes 
(1 9), which are active in stimulating incorporation 
of phenylalanine into polyphenylalanine, one has 
to conclude that the ungerminated spores contain 
at least some of the apparatus for synthesizing 
protein if sRNA and a messenger RNA (mRNA), 
such as poly U, are provided. Therefore, the 
mechanism that allows germinating spores to 
initiate the synthesis of protein may be the forma- 
tion of mRNA. Data comparing the ribosomal 
profile of germinated and ungerminated spores of 
N. crassa and Aspergillus oryzae suggest this 
possibility since only monoribosomes could be 
isolated from the ungerminated spores, while 
polyribosomes appeared during spore germina- 
tion (6, 7, 8). More recently, however, Staples 
et al. (17) have demonstrated polyribosomes in 
ungerminated uredospores of Uromyces phaseoli, 
an obligate parasite whose spores can produce 
germ tubes in culture but are unable to continue 
growth. The sedimentation coefficients of the 
monoribosomes and the nucleotide composition 
of ribosomal RNA were essentially the same in 
ascospores, conidiospores and hyphae of N. 
crassa (4, 5). Furthermore, ribosomes isolated 
from ungerminated spores and hyphae of N. 
crassa were similar serologically, and the ribo- 
somal proteins isolated from the two fungal 
stages behaved similarly on acrylamide gel 
electrophoresis (1 2). However, the biological 
activities of the ribosomes obtained from the 
various stages of spore germination were not 
reported. 
It is interesting to compare our data with that 
of Staples et al. (15, 16), who are investigating in 
vitro protein synthesis during uredospore germi- 
nation of U. phaseoli. No differences in the 
biological activities of the ribosomes and protein- 
synthesizing enzymes prepared from ungermi- 
nated and germinated spores were observed 
when poly U was employed as mRNA. This is in 
contrast to the results from our laboratory with 
the facultative parasitic fungus B. theobromae, 
synthetases increased during germination. This 
trend was obtained regardless of how the cell- 
where about a three- to four fold increase in 
ribosomal activity (19) and a five- to sixfold 
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increase i n  enzyme activity occurred with germi- 
nation. The activity of the in vitro phenylalanine 
incorporating system from ungerminated spores 
of B. theobromae is approximately the same as 
that of the U. phaseoli system. This is interesting 
because when spores of U.  phaseoli are germi- 
nated in  culture, they d o  not exhibit a net 
synthesis of protein, although some protein 
turnover does occur (18), whereas those of B. 
theobromae show a two- to  fourfold increase in  
protein during the time period studied (Van 
Etten, unpublished data) .  
We acknowledge the able technical assistance of 
D. Merlo and R. Koski. 
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